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Introduction
Myopia is a common yet insidious condition, with each dioptre increasing the burden associated with the condition. Particularly, high myopia (≤À5.00D) increases the risk of vision impairment due to complications such as myopic macular degeneration, chorio-retinal atrophy and glaucoma. [1] [2] [3] [4] [5] [6] [7] [8] [9] Given the substantially high prevalence of myopia in many East Asian countries and rising prevalence elsewhere, its impact on eye health and the associated economic burden is significant. 10 Although the biological processes that result in myopia are not well understood, there is significant evidence for the role of visual feedback in emmetropization and development of refractive errors. Notably, experiments in animal models found optical defocus to predictably alter eye growth, with myopic defocus resulting in slower growth and hyperopic defocus resulting in increased growth. [11] [12] [13] Furthermore, over the years, hypotheses formulated to explain onset and progression of myopia have implicated hyperopic defocus, either on-axis or off-axis, as the impetus for increasing axial length of the eye and optical strategies aimed at reducing on-axis hyperopic defocus such as undercorrection, bifocal spectacles, multifocal spectacles and bifocal contact lenses were assessed in clinical trials. [14] [15] [16] [17] [18] [19] [20] Generally, these were effective (excepting under-correction that was either not different or resulted in worse progression compared to comparative group), but the level of control (i.e. slowing of eye growth) varied between strategies and was not considered to be sufficient to translate to clinical practice. More recent studies in animal models found the peripheral retina to play an active role in emmetropization and refractive error development, and peripheral or off-axis hyperopic defocus was considered to be instrumental in axial elongation. 21 A number of innovative lens designs aimed at reducing off-axis defocus and inducing myopic defocus were assessed in animal and human clinical trials and shown to reduce the axial elongation of the eye. [22] [23] [24] [25] [26] [27] [28] [29] Although the evidence indicates that myopia progression can be slowed, there is a need to determine if efficacy can be further improved. We developed novel contact lenses based on two design principles and assessed them for their efficacy in slowing progression of myopia. The first design principle aimed to reduce hyperopic defocus and induce myopic defocus across a large portion of the retina. The second design principle used extended depth of focus (EDOF) contact lenses that were designed to result in a global retinal image quality (i.e., across both the central and peripheral retina) that was improved for points on, and anterior to, the retina and degraded for points posterior to the retina to prevent axial elongation. 30, 31 Two lens designs based on each of the principles were developed and assessed in clinical trials involving myopic children in China. The clinical trial was scheduled for 2 years in duration, but the trial was terminated early due to closure of the clinic. We present results for the participants who attended the 2-year visit.
Materials and methods

Study population
A total of 508 Chinese children with myopia, aged 7-13 years were enrolled and randomised into a prospective, parallel-arm, randomised, double-masked clinical trial. The study was conducted at the Zhongshan Ophthalmic Center, Sun Yet Sen University, Guangzhou, China from February 2014 to January 2017. Enrolled children were of Chinese ethnicity, were myopic in both eyes with cycloplegic spherical equivalent refractive error ranging from À0.75 to À3.50D and astigmatism no more than 0.75D, were willing to comply with the wearing and trial schedule, had ocular health findings considered to be normal and did not preclude contact lens wear, and had vision correctable to at least 6/9.5. Children with any pre-existing ocular or systemic conditions that precluded lens fitting and safe wear of lenses, those that underwent corneal refractive surgery, those with keratoconus, allergies to topical drops, mydriatics and anaesthetics, or systemic/syndromic conditions associated with myopia such as Marfan syndrome, those that underwent atropine treatment, or other forms of myopia control such as progressive addition spectacles or orthokeratology were excluded from the trial. The study was approved by the Institutional Ethics Committee of Zhongshan Ophthalmic Center and adhered to the Declaration of Helsinki for experimentation on human subjects. Informed consent was provided by parents and/or legal carers of the participant. The study was registered with the Chinese Clinical Trial Registry (ChiCTR-TRC-14004227.) and study procedures were conducted in accordance with the Good Clinical Practice Guidelines (ICH-GCP guidelines for clinical trials ICH 135/95) The study commenced in February 2014 and was terminated in January 2017 due to closure of the clinic facility.
Study design
Participants attended a baseline visit, and were randomised to one of four treatment groups or a single vision contact lens control group. Randomisation scheme for the study was generated using randomly permuted blocks of 25 participants per block, wherein each participant was randomly assigned to one of the five parallel treatment arms in a ratio of 1:1:1:1:1. The randomisation plan was generated by the statistician using www.randomization.com and applied via a computer based data management system. The study visits took place at the Brien Holden Vision Institute clinical trial facility located at Zhongshan Ophthalmic Centre, Guangzhou.
Investigational lenses
Lenses were dispensed for use on a daily disposable wear schedule. The control contact lens was clariti â 1 day somofilcon A (www.coopervision.com) silicone hydrogel lens material. The optic zones of test lenses I and II somofilcon A (www.coopervision.com) incorporated relative plus power in the periphery (commencing at 1.5 mm chord diameter) in a stepped manner with a maximum relative positive power of +2.50D at 3.0 mm with test lens I and +1.50D with test lens II. In addition, test lenses I and II also incorporated a stepped, relative positive power centrally (up to 1.0 mm semi-chord) of up to +1.00D. Test lenses III and IV were hydrogel Aquamax contact lenses (www.pegavision.com) that incorporated and manipulated selective higher order aberrations to achieve a through focus global (both central and peripheral) retinal image quality that was optimised for points at and anterior to retina and degraded for points posterior to retina. The refractive power profile of the lens across the optic zone was non-monotonic and aperiodic (i.e., there were no discrete power zones and the power varied above and below the normal mean power) across the optic zone. 31 Test III and IV were configured to offer extended depth of focus of up to +1.75D and +1.25D, respectively (Figure 1 ).
Procedures
Following a baseline examination that included patient history, visual acuity, cycloplegic auto refraction and axial length measures, participants were randomised and fit into one of the five contact lens types. A fit and vision assessment with contact lens was conducted and participants were trained in lens insertion and removal. If children needed further training, a second visit was scheduled and if not, children were dispensed with lenses and advised to return for a 1 month follow up visit. Thereafter, visits were scheduled at three monthly intervals. At each visit, vision and lens fit were assessed. High and low contrast visual acuity was assessed with LogMAR charts. Visual acuity was measured by asking the participant to commence reading letters from the 6/9.5 line. If they could not read the line, they were asked to start at the line they could comfortably read. Errors were cumulative and the end point reached when three or more errors were made. Acuity was read as the smallest line read less the errors. Cycloplegic auto refraction and axial length were measured at six monthly intervals by masked observers using the Shin-Nippon SRW 500 (www.shin-nippon.jp) and the Lenstar 900 (www.myle nstar.com). An average of five measurements were considered for autorefraction and three measurements (considered acceptable on the Lenstar software) for axial length. Participants were cyclopleged with 1% tropicamide (two drops, 5 min apart) preceded by topical anaesthetic 0.4% oxybuprocaine hydrochloride. Thirty minutes after instillation of drops, pupils were checked for dilation and nonresponsiveness to light before measurements were conducted. In the event that high contrast visual acuity had fallen by one line or more in comparison to previous or baseline visit, or if the difference in subjective refraction was ≥AE0.50D, then the contact lens power was appropriately adjusted.
At each visit, children were asked to fill in a questionnaire on subjective assessment of vision and comfort related to lens wear as well as compliance to lens wear since their last visit.
Sample size
Approximately 58 subjects were needed to complete 1 year to demonstrate a 35% difference in myopia progression of 0.26 AE 0.45D between the test and control groups at the 5% level of significance with 90% power using a two-tailed distribution and an intra-ocular correlation of 0.8. The 2-year progression was estimated at À1.10D based on a meta-analysis of children wearing single vision spectacle lenses. 32 Thus, approximately 45 subjects were required in each study group to complete 2 years to demonstrate a statistically significant difference in myopia progression of 35% between the test and control groups at the 5% level of significance with 90% power, using a 2-tailed distribution and assuming an intra-ocular correlation of 0.8. Thereafter, based on data from previous studies, wherein the drop out ranged from 11% to 46% with contact lenses in children, 24, 28, 33, 34 the minimum sample size was estimated as 97 per treatment arm based on a drop-out rate adjustment of 40%.
Statistical analysis
Data from all 508 participants were included in the analysis dataset. Demographic variables between study groups were compared using chi-square tests and analysis of variance. Change in spherical equivalent (sphere + cylinder/2) and axial length were the primary outcome variables and were recorded on an interval scale. Myopia progression, defined as the change in spherical equivalent or axial length from baseline, was computed for each eye and summarised as grouped mean AE standard deviation at each visit. The effect of lens types on the progression of spherical equivalent and axial length was analysed at each visit using linear mixed model with subject random intercepts. This model accounted for the correlation between eyes. To obtain unbiased treatment effects, the model was adjusted for confounding factors such as age, gender, parental myopia and baseline refractive error. Interactions of confounding factors with lens types were tested and if significant, effect of lens type was estimated within the subgroups of the interacting factor. Compliance was recorded at each visit as average number of days of wear per week and included in the model as a covariate. Compliance was also categorised as lens wear ≥6 days per week or ≤5 days per week. Based on the model, estimated mean progression with 95% confidence limits were reported for each lens type. Additionally, a model that included all the six monthly visits was used to determine the rate of change in progression over time.
Here, time (follow-up months) was factored as a covariate and the model tested for the interaction of lens type with time. A significant interaction of lens type with time would indicate that the rate of change in progression was dependent on lens type. Estimated mean progression and 95% confidence limits were reported based on the model. Progression was also converted to a binary outcome based on a cut off value of À0.75D. The time to the outcome (i.e. À0.75D or more progression) and survival probabilities over 24 months were compared between lens types using Cox proportional hazard model. Visual acuity measured in LogMAR were analysed at each study visit and compared between lens types using linear mixed model. Subjective ratings of vision and comfort related to lens wear were recorded on a scale of 1-10 (1 = poor and 10 = excellent) were binned and summarised as percentages and compared between lens types using chi-square tests if frequency assumptions were valid. All post hoc multiple comparisons between lens types were adjusted using Bonferroni correction. Level of significance was set at 5%. SPSS Statistics v21 (https:www.ibm.com/spss/modeler) and Stata v10 (www. stata.com) were used for statistical analysis.
Test Lens I Test Lens II
Test Lens III Test Lens IV Figure 1 . 2-D plot depicting the power profile across the optical zone of the test lenses. x-and y-axes represent the optical zone diameter and the colours represent the power.
Results Table 1 presents the baseline demographic and ocular data for the 508 participants randomised to one of five groups in the study. No significant difference existed between the groups for baseline age, gender, parental myopia, spherical equivalent and axial length. The progression of children through the trial is presented in Figure 2 . 
Change in spherical equivalent over time
The raw means were presented in Table 2 , and Table 3 presents the means adjusted for confounders, namely, age, gender, parental myopia, compliance and baseline refractive error. (Figure 3a) . However, the rate of change between the control and the test groups was significant for the first 6 months only (p = 0.005, 0.029, 0.010 and 0.015 for test lenses I to IV compared to control lens respectively) and not for the remaining consecutive periods, indicating that a greater treatment effect occurred in the first 6 months of the trial. (Figure 3b ). As seen with change in spherical equivalent, the rate of change between the control and test groups was significant for the first 6 months only (p < 0.001 for test lenses I to IV) and not for the remaining time in study, thus indicating a greater treatment effect in the first 6 months of commencing lens wear. Figure 4 presents the results at 12 and 24 months. When lens wear compliance was ≤5 days per week, progression between test (combined) and control groups was similar at both 12 and 24 months. For lens wear compliance ≥6 days per week, greater efficacy, i.e. significantly less progression was observed with test groups compared to control groups (p < 0.001).
Effect of compliance
In the compliant group, at 12 months, change in spherical equivalent was À0.64D for control group and À0.44 for test groups. The dioptric difference was 0.20D (31%). The change in axial length was 0.30 mm for control group and was 0.18 with the test lenses (40%).
At 24 months, in the compliant wearers, the control group progressed on average by À1.14D and the test groups progressed by À0.76D. The difference in estimated means between test and control lenses was 0.38D (dioptric difference of 33%). The change in axial length was 0.58 mm for the control group and 0.383 mms for test groups. The Figure 2 . Flow chart of the participants through the parallel, five group randomised trial detailing the number of participants that attended and discontinued at each visit. difference in estimated means between test and control lenses was 0.20 mm (difference of 34%).
Survival estimates for progression ≥ 0.75D Figure 5 provides the survival estimates for progression of ≥0.75D with the test (all combined) compared to control lenses. At each time point, eyes wearing control lenses had a lesser chance of survival compared to eyes wearing test lenses (p ≤ 0.005). There were no significant differences in survival between the test groups (p > 0.1). At 24 months, test lenses improved survival by 36% compared to control lenses. Table 4 details the rate of progression from baseline for individuals that discontinued/lost to follow-up compared to those that continued in the study. Greater progression was observed in children that discontinued/were lost to follow up compared to those that continued in the study (p < 0.001). 
Effect of discontinuation
Visual performance
At each visit, distance visual acuity (monocular and binocular high contrast and monocular low contrast) were assessed with new lenses. However, at baseline and six monthly intervals, vision performance was conducted with dilated pupils. Therefore, monocular high and low contrast visual acuity at the 1 and 3 month visit(s) was considered for the analysis (Figure 6 ). High contrast and low contrast visual acuity (VA) was maximum with control lens and the difference between test and control group was significant except for Test II for high contrast VA (p < 0.001).
Compared to control lens, reduction in high contrast VA ranged from one letter (test lens II) to four to five letters (test lens III). With low contrast VA, the drop with test lenses ranged from one to two lines.
Subjective responses
Subjective responses related to vision and comfort to lens wear were determined using a questionnaire (ranked 1-10 where 1 = very poor and 10 = excellent). Subjective responses to distance, intermediate and near vision was generally high (commonly rating of 9 and above, Figure 7 ) There was no difference in the ratings between the lens types for subjective vision (p > 0.05). With overall comfort, there was a difference between the groups at both 12 and 24 months (p = 0.006 and 0.002) with a greater no of eyes wearing test lens I reporting <9 rating with comfort.
Discussion
A significant slowing of myopia was observed with test contact lenses and results from this trial adds to the growing evidence that demonstrates that it is feasible to slow the progression of myopia. 16,20,22-24,27-,29,35,36 Previous trials have supported the use of multifocal contact lenses (centre-distance type) to slow the progression of myopia and it was hypothesised that these lenses reduced either off-axis or on-axis hyperopic defocus. 24, 27, 28, 33 In the present study, test lenses I and II were directed to reducing peripheral hyperopic defocus as well as inducing myopic defocus across a large portion of the retina, and at 2 years, both lenses slowed myopia by 24% and axial length elongation by 32% and 24%, respectively. Significantly, efficacy was greater in compliant wearers (≥6D week À1 ) where there was 35% and 39% reduction in myopia and 43% and 37% reduction in axial length elongation for test lenses I and II, respectively. Test lenses I and II differed in the relative peripheral plus at the periphery (Test lens I had +2.50D and Test lens II: +1.50D). Figure 8 presents the refractive error profile of the eye for both the unaided state as well as with the lenses, and it is observed that the test lenses induced myopic defocus (greater with test lens I). However, it is worth noting that the lens design of test lenses I and II (central plus power) and the lens centration on eye may have likely influenced the refractive error measurements taken through these lenses. Test lenses III and IV were directed to providing a global retinal image quality 37 that was optimised for points at and anterior to retina and deliberately degraded for points posterior to the retina. It was hypothesised that the poor image quality posterior to the retina prevents axial elongation. The power profile of these novel lenses varied across the entire optical zone with no discrete zones of constant power. At 2 years, test lenses III and IV slowed myopia by 32% and 26% and reduced axial length elongation by 25% and 27%, respectively. In compliant wearers (≥6 days per week), efficacy with test lens III was similar at 29% and 26% slowing of myopia and axial length elongation and improved with test lens IV to 31% and 32% for slowing of myopia and axial length elongation. Test lenses III and IV differ in the higher order aberration combinations that resulted in different magnitudes of extended depth-of-focus ranges offered (test III: up to +1.75D; test IV: up to +1.25D) but the efficacy was not significantly different between these lenses or all of the four groups.
Comparing these results to previously published data for 2 years of lens wear, rate of slowing of myopia progression with a centre distance multifocal was 50% and axial elongation was 29%. 28 In another trial, where the lens had a clear centre with concentric rings, the lens slowed myopia by 25% but improved to 50% when compliance was considered. 22 Similarly, the results of the current trial suggest that compliance is an important factor to consider for efficacy.
Given that the lens designs were unique across the four test groups, the lack of difference in efficacy between the various test lenses is puzzling. However, the results are based on grouped means and the current study design where individuals were randomised to a particular group makes it difficult to explore if certain individuals or eyes derived a treatment benefit compared to others.
A greater efficacy was observed in the first 6 month period in the trial. A reduction in efficacy over time was previously reported. 15, 24, 37 Drop-outs related to fast progression may be one of the factors for the reduced efficacy with time. Individuals that dropped out from the trial had faster progression compared to those continuing and resulting in the mean progression skewed to a lower progression rate. An individual's (or their carer's) motivation to participate and continue in a trial is mainly linked to efficacy, with many likely to discontinue if and when they do not perceive the benefit of participation in the trial. Indeed, few of the participants that discontinued cited rapid progression or indicated a preference for Orthokeratology, which in many Asian countries is considered superior to other myopia control options. A bias towards survivors with lower rates of progression may fail to appropriately discriminate between treatments. Another reason for diminishing efficacy with time may be related to adherence and compliance to lens wear. Unlike trials where there is symptomatic relief with the intervention (for example, asthma medication), there is no incentive for children to wear contact lenses at all times especially if they have low amounts of myopia or if they have access to spectacles. In addition, other lifestyle related reasons such as limited time in the morning for insertion were reported by few. Such reasons may lead to reduced compliance in lens wear over time.
With respect to visual performance, decrement of visual performance with test lenses was more with low contrast testing conditions. Interestingly, a greater number of participants wearing test lens I reported <9 rating for comfort. As the lens material (somofilcon A) was similar across test lens I, II and control and the area of relative central positive zone was similar across test lens I and II, it is possible that this difference may be attributable to vision.
The trial suffers from a number of limitations. An intent-to-treat analysis could not be undertaken due to the large number of lost to follow-ups and discontinuations soon after enrolment and the early termination of the study. The high number of discontinuations that were observed soon after dispensing was anticipated and could have been limited by fitting children with contact lenses for a trial period prior to enrolment. However, this approach was not adopted as there were issues related to additional visits and additionally fitting children with single vision contact lenses and randomising them soon after into a myopia control lens may have resulted in subjective preferences and bias with treatment.
Due to the nature of the current trial where an individual was randomised to one of the four test groups or control and the progression presented as grouped means, it is not clear if a particular individual benefitted from the treatment. It is likely that there may be many other factorsboth lens and patient related that may influence efficacy such as for example the pupil size, decentration, refractive error profile at both centre and periphery and fit of the lens and far more research is needed to understand if efficacy can be optimised for each individual myopic eye.
Overall, the data from the current trial shows that test lenses slow myopia progression and axial elongation compared to control single vision lenses and support data from a number of human and animal trials that demonstrated that it is feasible to slow eye growth. [22] [23] [24] [25] 27, 28, 35, 38 The percent reduction observed in this trial is somewhat similar to the reduction rates reported in previous contact lens trials conducted in this region with similar ethnic populations 22, 24 but less than those reported with predominantly other ethnicities. 28, 35 It is well known that myopic individuals of Asian ethnicity progress faster and it is not understood if this played a role in our study. 32 In summary, we have demonstrated that in children with myopia, significant reductions in progression of myopia can be obtained with the use of novel contact lens aimed at reducing peripheral and central defocus, and those aimed at optimising the retinal image quality for points on, and in front of, the retina resulted in slower eye growth compared to use of conventional, single vision contact lenses.
